Abstract:

23
The coordinated regulation of gene expression at the transcriptional level is fundamental to 24 organismal development and homeostasis. Inducible systems are invaluable when studying 25 transcription because the regulatory process can be triggered instantaneously, allowing the 26 tracking of ordered mechanistic events. Here, we use Precision Run-On sequencing (PRO-seq) 27 to examine the genome-wide Heat Shock (HS) response in Drosophila and the function of two 28 key transcription factors on the immediate transcription activation or repression of all genes 29 regulated by HS. We identify the primary HS response genes and the rate-limiting steps in the 30 transcription cycle that GAGA-Associated Factor (GAF) and HS Factor (HSF) regulate. We 31 demonstrate that GAF acts upstream of promoter-proximally paused RNA Polymerase II (Pol II) 32 formation, likely at the step of chromatin opening, and that GAF-facilitated Pol II pausing is 33 critical for HS activation. In contrast, HSF is dispensable for establishing or maintaining Pol II 34 pausing, but is critical for the release of paused Pol II into the gene body at a subset of highly- 35 activated genes. Additionally, HSF has no detectable role in the rapid HS-repression of 36 thousands of genes.
38
Introduction: 39 The Heat Shock (HS) response in Drosophila melanogaster has been an effective model system 40 to discover and study mechanisms of transcription and its regulation ). This 41 highly conserved protective mechanism (Lindquist and Craig 1988 ) is regulated at the 3 molecular chaperones, the Heat Shock Proteins (HSPs), which helps the cell cope with stress- 45 induced protein aggregation and misfolding (Lindquist and Craig 1988; Schlesinger 1990 ). 46 The transcriptional HS response has been studied largely using Hsp70 as a model gene 47 ). Hsp70 maintains a promoter-proximally paused RNA Polymerase II (Pol II) 48 molecule 20-40 bp downstream of the Transcription Start Site (TSS) that is released to 49 transcribe the gene at a low level during normal non-stress conditions (Rougvie and Lis 1988 ; 50 Rasmussen and Lis 1993). The transcription factor GAGA Associated Factor (GAF) is bound to 51 the promoter of Hsp70 prior to HS, and GAF is important for the establishment and stability of II from the paused complex into productive elongation. This transition from the paused state 61 into productive elongation depends critically on the positive elongation factor P-TEFb, and has 62 been shown to be a very general step that is essential for the regulation of virtually all genes 63 across different species (Rahl et al. 2010; Jonkers et al. 2014 ). The net result of this molecular 64 cascade is an increase in transcription levels that can be ~200-fold for some of the HS-regulated 4 Although the independent mechanisms of promoter-proximal pausing and escape to 67 productive elongation have been well studied in the context of HS activation of Hsp70, we lack 68 a comprehensive characterization of the genome-wide changes in transcription that result from 69 HS. A thorough characterization of the affected genes is necessary to determine the generality 70 and diversity of the roles of transcription factors such as GAF and HSF in the HS response and 71 provide the statistical power to assess mechanisms of transcription regulation. To overcome these limitations, we queried the genome-wide distribution of 85 transcriptionally-engaged RNA polymerases before and after HS induction using the Precision 86 nuclear Run-On and sequencing (PRO-seq) assay and quantified differentially expressed genes.
87
PRO-seq has high sensitivity and high spatial and temporal resolution, providing an 88 . Heat Shock -NHS) and 20 minutes after an instantaneous and continuous HS stress (Figure 1A,   106   Table S1 ). PRO-seq maps the active sites of transcriptionally engaged RNA polymerase 107 complexes by affinity-purification and sequencing of nascent RNAs after a terminating biotin-
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NTP is incorporated during a nuclear run-on experiment (Kwak et al. 2013 ). The density of 109 sequencing reads is proportional to the number of transcriptionally-engaged polymerase 110 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/055921 doi: bioRxiv preprint first posted online May. 27, 2016;  6 molecules present at each position when the nuclei were isolated. PRO-seq has base pair 111 resolution, is strand specific, and is not affected by the background levels of accumulated RNAs 112 (Kwak et al. 2013 ). Biological replicates were highly correlated for both promoter and gene 113 body PRO-seq reads (Spearman's coefficient ranged between 0.96-0.99, Figure S1A- Methods for the normalization method and our validation tests). 120 We used DESeq2 (Love et al. 2014 ) to identify genes whose gene body reads significantly 121 change after HS, using an FDR of 0.001 (Table S2) . We observed a widespread shutdown of 122 transcription, with 2300 genes being significantly repressed after HS ( Figure 1A , blue points; measurements of steady-state mRNA levels before and after HS, including micro-array studies 129 and our own RNA-seq data ( Figure S2 , Table S3), were unable to detect a genome-wide   130 shutdown of transcription, despite having the sensitivity to detect a decrease in mRNA levels 131 for some genes ( Figure 1B) Figure 1C ). Besides the classical HSP genes, our data reveal the activation of many genes that 150 were not previously associated with the HS response and provide a comprehensive 151 characterization and quantification of genes whose transcription is directly activated by HS. 152 We measured nascent transcription levels as a function of time after HS induction to 153 determine how fast activated and repressed genes respond to HS ( Figure S3 , Table S1 ). We calculated the pausing index (PI), which is the ratio of read density in the promoter- 185 proximal region relative to the gene body, for each individual gene (Core et al. 2008) (Table S4 ).
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The vast majority of HS activated genes (~90%) were classified as paused (Fisher's exact p-value 187 <= 0.01, Figure S4B ) (Core et al. 2008 ). The PI is significantly higher for activated genes Table S1 ) (Spearman's coefficient ranged between 0.96-0.99, Figure S1A -B, right panels). The reduced on a large subset of GAF-bound genes upon GAF depletion (Fuda et al. 2015) . 248 However, the role of GAF-mediated pausing in gene activation has not yet been studied in a 249 comprehensive genome-wide manner. We hypothesize that GAF's role in HS activation is 250 connected to its ability to create promoter-proximal pausing prior to HS. 251 To test this hypothesis, we compared the NHS promoter-proximal PRO-seq reads for the 252 LacZ-RNAi control and GAF-RNAi treatment between the subset of GAF-bound genes whose HS 253 induction is dependent on GAF (GAF-dependent HS activation) and the HS activated genes 254 whose induction is unaffected by GAF depletion (GAF-independent HS activation). As observed 255 in Figure 3D , there is a substantial reduction in the NHS pausing levels after GAF knockdown for 256 genes with GAF-dependent HS activation, while the NHS pausing levels of the GAF-independent 257 class are largely unaffected. To quantify this effect, we compared the LacZ-RNAi and GAF-RNAi 258 NHS reads in the pausing region for genes with GAF-dependent or GAF-independent HS 259 activation. As observed in Figure 3E , most genes with GAF-dependent HS activation have 260 reduced number of reads (fold-change < 1) in the pausing region upon GAF knockdown prior to 261 HS. In contrast, the distribution of fold-changes for the GAF-independent class is centered 262 around 1, indicating that GAF binding prior to HS is not essential to establish pausing at these 
Discussion
371
In this study, we used PRO-seq to comprehensively characterize the direct changes in Pol II 372 distribution that occur in Drosophila S2 cells in the minutes following HS. We show that the HS 373 .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/055921 doi: bioRxiv preprint first posted online May. 27, 2016; response is more general than previously appreciated, with thousands of genes being repressed 374 and hundreds activated by heat stimulus. This latter class is not limited to the group of cellular 375 chaperones that are known to be activated by stress (Lindquist and Craig 1988) , and includes 376 hundreds of other genes with various cellular functions (Table S2) . Surprisingly, only a minority 377 of the activated genes are regulated by HSF, which was previously believed to be the major 378 orchestrator of the response. Moreover, we show that promoter-proximal pausing is highly 379 pronounced and prevalent among activated genes prior to HS. GAF, which has been shown to 380 be important for establishing pausing, is highly enriched at the promoter of HS activated genes, 381 and our results suggest that GAF-mediated pausing in a subset of these genes is essential for HS at 10 µg/mL. After 2.5 days the cells were HS treated and harvested for nuclei isolation.
489
The dsRNAs used in these experiments were transcribed from a dsDNA template that 490 had a T7 polymerase promoter at both ends. The DNA templates were generated by PCR using 
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and IRDye 680LT donkey anti-guinea pig (1 mg/mL) as secondary antibodies at a 1:15000 505 dilution and the membrane was imaged using the LI-COR Odyssey imaging system. were generated in bedgraph format and used for all subsequent analyses. Table S1 contains a 538 summary of sequencing yields and the number of reads that mapped uniquely to the genome 539 or other annotations. Replicates were highly correlated and were pooled for further analyses 540 ( Figure S1 ). Sequencing datasets can be found under GEO accession number GSE77607. To access the efficacy of this normalization method, we examined the correlation 566 between gene body and promoter reads for replicates ( Figure S1 ) and gene body reads across 
29
We then filtered out genes with upstream ratio higher than 0.23 in the activated and 615 repressed classes to generate the final subsets of genes that were used in all subsequent 616 analyses. In order to use the condition with highest PRO-seq levels for upstream ratio 617 calculation, we used the NHS upstream ratio to filter the repressed subsets of genes and the HS 618 upstream ratio to filter the activated subsets for every HS and RNAi treatment. The "pausing region" was defined as the 50bp interval with highest number of reads within -50 627 to +150bp of the TSS. This region was defined using the LacZ-RNAi control NHS condition and 628 the same interval was used for all the other treatments and conditions. Pausing index was then 629 calculated as the ratio of the read density in the pausing region (reads/mappable bases) and 630 the read density in the gene body (as defined above). Genes were classified as paused as 631 described previously (Core et al. 2008 ). We used DESeq2 to identify genes whose pausing levels 632 significantly change after HS, using an FDR of 0.001. 
We used bedtools closest (Quinlan and Hall 2010) to identify the closest HSF, GAF or M1BP 636 ChIP-seq peak to the TSS of every transcription unit in our list. HSF, GAF or M1BP-bound genes 637 were defined as having a ChIP-seq peak within ±1000 bp of the TSS. The GAGA element was 638 identified de novo in the promoter region of activated genes (-300 to +50 bp of the TSS) using 639 MEME (Bailey and Elkan 1994 were removed with the fastx_clipper tool (http://hannonlab.cshl.edu/fastx_toolkit/index.html) 645 and sequencing reads shorter than 20 nucleotides were discarded. Reads were aligned to the 646 Drosophila melanogaster dm3 reference genome/transcriptome using TopHat2 (Kim et al. 647 2013), with the following parameters: "--library-type fr-firststrand --no-novel-juncs". Table S3 648 contains a summary of sequencing yields and the number of reads that mapped to the 
